Perceived duration is conventionally assumed to correspond with objective duration, but a growing literature suggests a more complex picture. For example, repeated stimuli appear briefer in duration than a novel stimulus of equal physical duration. We suggest that such duration illusions appear to parallel the neural phenomenon of repetition suppression, and we marshal evidence for a new hypothesis: the experience of duration is a signature of the amount of energy expended in representing a stimulus, i.e. the coding efficiency. This novel hypothesis offers a unified explanation for almost a dozen illusions in the literature in which subjective duration is modulated by properties of the stimulus such as size, brightness, motion and rate of flicker.
INTRODUCTION
The field of time perception has experienced a surge in research in the last decade (Buhusi & Meck 2005; Eagleman et al. 2005; Ivry & Schlerf 2008; Lin et al. 2008) . While the psychophysical and neural data related to subjective duration have grown richer, there is no single accepted theory that explains how duration is encoded in the brain. Our purpose here is to review present models of duration perception, propose a new unified framework, explain how various findings in the literature are explained by that framework and outline new predictions.
The separation in time between two events-say, the onset of a light and its subsequent offset-can be judged by observers at many different time scales, from milliseconds to days (Mauk & Buonomano 2004) . We focus here on timing mechanisms that underlie judgements at the 'automatic' or 'direct sensation' time scales, i.e. on the scale of tens to hundreds of milliseconds (timing of longer scales, such as seconds and minutes and months are categorized as 'cognitive' and appear to be underpinned by entirely different neural mechanisms; Rammsayer 1999; Lewis & Miall 2003; Buhusi & Meck 2005) . Although perceived duration is conventionally assumed to mirror objective duration, it is subject to illusory distortions of many sorts (Eagleman 2008) . One example is the oddball effect: a novel or 'oddball' stimulus presented in a train of repeated stimuli appears to last longer in duration than the repeated stimuli (Tse et al. 2004; . Similarly, the first presentation of the repeated stimulus appears longer in duration than successive presentations (Rose & Summers 1995) . With illusions such as these in mind, we revisit recent models of timing.
A traditional model proposed to account for interval timing over short scales is a 'counter' model, in which internally generated pulses, or 'ticks', are collected up and integrated during the presence of a stimulus (Creelman 1962; Treisman 1963) . This model is proposed to account for duration distortions in the following way: assume that the brain has access to the roughly constant rate of its own information processing, and that an increase in the rate of internal information processing (because of increased attention, fear, etc.) causes the counter to count more ticks. If the brain's assessment of duration is based on the integrated number of ticks, it would conclude that more objective time had passed between two events. Several authors have appealed to versions of this counter model to explain the duration distortion triggered by the oddball or the first stimulus (Rose & Summers 1995; Ranganath & Rainer 2003; Tse et al. 2004; Ulrich et al. 2006) . In this framework, an increase in arousal caused by the appearance of an unexpected (oddball) stimulus leads to a transient increase in the tick rate of an internal clock. Thus, the accumulator collects a larger number of ticks in the same time period, and the oddball's duration is judged as longer.
However, the idea of a clock-like counter has found little support in physiology. An alternative model has proposed that the passage of time can be encoded in the evolving patterns of activity in neural networks (Buonomano & Mauk 1994; Buonomano & Merzenich 1995; Mauk & Buonomano 2004; Karmarkar & Buonomano 2007; Ivry & Schlerf 2008) . For example, imagine that every time a red cue light turns on, a specific spatio-temporal pattern of activity is triggered in the visual cortex. At 100 ms after the light turns on, a particular set of neurons may be active; shortly afterward, these neurons will activate other neurons, which will activate other neurons, and so on-leading to a specific pattern of neural activity that progresses into a different snapshot of active cells at every moment. When a salient event happens 100 ms after the cue light (say, the delivery of a juice reward), the snapshot of neurons that happened to be active at that moment is imprinted by the strengthening of their weights. In other words, the way the network evolves through time can code for time itself. In another version of the model, the ongoing neural activity of the network is not encoded in continuous spiking, but instead is carried in the state of intracellular signals, such as calcium concentrations (Buonomano & Merzenich 1995) ; this expands the notion of the 'state' of the network from spikes to parameters which influences how spikes will be received and sent. A close cousin of this model relies on oscillating membrane potentials in individual neurons: if the phases of the oscillations are reset by a triggering event (the red light), then each successive moment in time can be encoded by the unique pattern of the relative phases of all the members of the population (Buhusi & Meck 2005) . Although these 'state-dependent' models are appealing, they await experimental validation and potentially suffer from the difficulty of making them work in noisy environments. In the context of this paper, the major challenge for the state-dependent model is to account for illusions of duration. After all, while it is difficult to generate a reproducible pattern of activity in a neural network, it is even more difficult to speed up or slow down the passage of the pattern through neural tissue without getting a new pattern entirely (but see Yamazaki & Tanaka (2005) for an attempt in a noise-free artificial neural network).
A NEW HYPOTHESIS FOR SUBJECTIVE DURATION: THE INFLUENCE OF REPETITION
Having reviewed current models for duration encoding, we now propose a new hypothesis: the amount of neural energy required to represent a stimulus is proportional to, or at least influences, the subjective duration assigned to that stimulus Eagleman 2008) . Note that our hypothesis is not necessarily incompatible with previous models, but, as will be shown below, may open the study of duration encoding to experiments easily performed with humans. The aim of this paper is to marshal the evidence supporting this framework.
PREDICTABILITY INFLUENCES DURATION
Duration dilations of unexpected stimuli (Rose & Summers 1995; Hodinott-Hill et al. 2002; Ranganath & Rainer 2003; Tse et al. 2004; Kanai & Watanabe 2006; Ulrich et al. 2006; ) have been called a subjective 'expansion of time' during the oddball ( Tse et al. 2004) . However, note that the psychophysical results could equally be interpreted as a duration contraction of the repeated stimuli, rather than an expansion of the first or oddball stimulus.
With this in mind, we have proposed that this pattern of duration distortions seems to parallel the pattern of neural activity seen with stimulus repetition (figure 1; .
Specifically, the amplitude of the neural response (firing rates) in higher cortical areas quickly diminishes after repeated presentations of a stimulus (Fahy et al. 1993; Li et al. 1993; Rainer & Miller 2000) , an effect generally known as repetition suppression (Henson & Rugg 2003; Wark et al. 2007) . In humans, repetition suppression has been observed in event-related potentials using electroencephalography (EEG) Grill-Spector et al. 2006 ) in the blood oxygen-level dependent (BOLD) response using functional magnetic resonance imaging (fMRI; Henson & Rugg 2001) and also using positron emission tomography (Buckner et al. 1995) and magnetoencephalography (Noguchi et al. 2004; Ishai et al. 2006) . Although it has been interpreted as stimulus-specific fatigue, more recent frameworks have interpreted repetition suppression as reflecting an increasing efficiency of representation (Desimone & Duncan 1995; Wiggs & Martin 1998; Grill-Spector et al. 2006) . In that view, with repeated presentations of a stimulus, a sharpened representation or a more efficient encoding is achieved in the neural network coding for the object, affording lower metabolic costs. Our hypothesis states that this differential response to novel versus repeated stimuli maps on to perceived duration: a suppressed neural response corresponds to a shorter perceived duration.
The oddball studies traditionally use stimuli lasting for hundreds of milliseconds, but the principles apply for stimuli briefer than 100 ms, i.e. stimuli that are too brief to make explicit temporal judgements. We were recently able to demonstrate this by developing a novel variation of the traditional flicker fusion frequency paradigm. In flicker fusion experiments, a light is rapidly turned on and off: at a low frequency, flicker is perceived, while at a high frequency, the light appears to be steady. The frequency at which the perception switches from flicker to a steady light is called the critical flicker fusion threshold (CFFT). Critically, CFFT experiments make use of a single stimulus that is presented repeatedly. Because there are subjective duration differences when viewing repeated versus novel stimuli, we hypothesized that the CFFT would change if the rapid stimulus could somehow be made novel each time it appeared. perceived duration neural response time Figure 1 . Cartoon of the main idea: the first stimulus in a repeated train, as well as an oddball stimulus, appears to last longer than the other stimuli. This pattern of diminishing duration perception with repetition appears to parallel the neural phenomenon of repetition suppression.
To accomplish this, we presented stimuli serially at different locations on a computer screen. Although only one stimulus was present at any moment, more than one appeared to temporally overlap on screen due to visual persistence, a phenomenon that a briefly presented stimulus appears to last longer than the time it was physically presented (Efron 1970; Bowen et al. 1974; Di Lollo 1977) . We refer to this perceived multiplicity of stimuli as the proliferation effect (Pariyadath & Eagleman 2008) . We employed two conditions: in the first, the same stimulus was presented ('repeated', figure 2a); in the second, different stimuli were presented ('random', figure 2a). Participants were required to report the number of stimuli subjectively present on screen at any one moment of time, i.e. how many characters appeared to share screen time.
Participants' estimates of how many characters they perceived on screen simultaneously varied significantly between the repeated and random conditions (figure 2b). At a 50 Hz presentation rate, for example, observers reported an average of 3.4 characters on screen in the repeated condition and 4.2 in the random condition. Since numerosity judgements themselves are prone to distortion (Cheatham & White 1952; Philippi et al. 2008) , we tested participants on static displays involving multiple instances of the same or different stimuli. However, participants did not perceive any difference in simple numerosity across 'same' or 'different' conditions (Pariyadath & Eagleman 2008) . Collectively, these results suggest that repetition contracts the duration of visual persistence in the same manner in which it contracts durations at longer time scales. A contraction in the visual persistence of repeated stimuli leads to less temporal overlap, and hence fewer items are perceived to be present at once. The differential proliferation effect generalizes across stimuli such as pictures of everyday objects and short nonsense words such as 'abg' and 'hqe' (figure 2b, 'pictures' and 'non-words'). Again, these results are consistent with a theoretical framework in which subjective duration parallels repetition suppression: the events that seem to have a shorter duration (and thus, less on-screen overlap) are presumably those with neural responses diminished by repeated presentation.
UNIFYING OTHER OBSERVATIONS UNDER A SINGLE FRAMEWORK
First, these observations offer a framework for understanding several other illusions in the literature. For example, in the stopped clock illusion, the second hand of a clock seems to be momentarily frozen upon first glance, and then begins to tick at its expected pace ( Yarrow et al. 2001 ( Yarrow et al. , 2004 Park et al. 2003; Yarrow & Rothwell 2003) . In this framework, the successive stimuli are shrunken in perceived duration compared to the first.
Second, Nakajima and his colleagues have described an effect they call 'time shrinking': when two short stimuli are presented serially, the second is underestimated in duration (Nakajima et al. 1992 (Nakajima et al. , 2004 ten Hoopen et al. 1995; Arao et al. 2000; Sasaki et al. 2002) . Furthermore, when the interval between the two stimuli increases, the effect of shrinkage goes away ( Wearden & Ferrara 1993; Wearden et al. 2002; Kanai & Watanabe 2006) . We hypothesize that both findings reflect a single phenomenon: the repetition of a stimulus contracts its perceived duration, and just as in neural data (Li et al. 1993) , the suppression recovers with time.
Third, there has long been an enduring mystery about flicker fusion: the smallest interval required for two flashes to be perceived as separate (also known as the two-flash fusion threshold) is greater than the smallest interval needed between successive flashes in a train (the CFFT; Herrick 1974). How could it be that two events, widely separated, could be perceived as united, when multiple events, closer together, can be distinguished? We here point out that the phenomenon can be easily explained in the context of repetition suppression. In the two-flash case, the visual persistence of the first flash overlaps with the appearance of the second flash, making them non-dissociable (figure 3). But in the continuously repeated case, the visible persistence of the flash contracts due to repetition suppression-and a faster train of flashes can thus be perceived as a series of separate events (Herrick 1974) .
Finally, our hypothesis ties in directly with a recent report of 'change-related persistence': when a moving object undergoes a sudden, brief change, say in size or brightness, it is momentarily perceived as two separate objects (Moore et al. 2007 ). Moore and her colleagues proposed that if an object is understood by the visual system as a single object in motion, its visual persistence is reduced. But when the object changes in some attribute, it is registered as a different object and two separate instances of the object are perceived simultaneously, presumably because of an expanded visual persistence. This finding matches perfectly with our own, although there may be an advantage to interpreting the result in terms of repetition suppression rather than objecthood. This is because the notion of an object is binary-something either is an object or is not. But we have found that duration can be modified by the degree of novelty. For example, randomizing both letters and the colour of the letters in the proliferation paradigm leads to a higher perceived numerosity than changing the letters alone ( figure 4) . In other words, something can be more or less different, rather than being an object or not.
We now turn to 10 more reports in the psychophysics literature that appear to be consistent with the framework that the amplitude of the neural response maps onto subjective duration (table 1). The assumption of our framework is that stimulus manipulations leading to increased neural responses also lead to duration dilations; in table 1, we provide evidence for this connection where available, but the connection remains to be tested or confirmed for other entries.
For example, increasing the luminance of an object (either physically or perceptually with brightness enhancement illusions) increases its perceived duration (Brigner 1986; Sperandio et al. 2008) . Conversely, reducing the visibility of a stimulus (as stimuli are during a saccade) leads to duration compressions ( Terao et al. 2008 ). More generally, Xuan et al. (2007) demonstrated that duration is dilated by the magnitude of a stimulus. Whether they manipulated brightness, size or numerosity, higher magnitude stimuli were perceived to have a longer duration than equal-length stimuli of smaller magnitude (Xuan et al. 2007) . Ono & Kawahara (2007) further demonstrated that the duration distortion depends on the perceived size of the stimulus, indicating that later visual processing plays a role (Ono & Kawahara 2007) . These findings, at least to a first approximation, parallel the electrophysiology: stimuli that are brighter (Barlow et al. 1978; Tikhomirov 1983; Maunsell et al. 1999) , larger (Murray et al. 2006) and with higher numerosity (Roitman et al. 2007 ), all lead to higher firing rates.
As another example from table 1, subjective duration increases with the temporal frequency of a flickering stimulus , but with an interesting pattern: duration dilations saturate as they approach temporal frequencies of 8 Hz. Intriguingly, a parallel phenomenon can be found in the BOLD response to flicker: an increase in flicker rate leads to increasing activation in striate cortex, and the trend saturates at 8 Hz (Kaufmann et al. 2000) .
There are several temporal illusions for which the corresponding physiology remains to be directly investigated-these are listed at the end of table 1. Mostly, these involve the dynamics between the markers that define an interval. For example, filled intervals (a light that appears, remains on and then disappears) are perceived as longer than empty intervals (two brief flashes defining an interval) of equal physical duration (Ihle & Wilsoncroft 1983) . More generally, it has been long noted that the apparent duration of a sequence is dilated with increasing pattern complexity (Roelofs & Zeeman 1951; Schiffman & Bobko 1974) , and those observations were followed by proposals that the brain estimates time based on the number of 'events' that occur ( Fraisse 1963; Poynter 1989; Brown 1995) . Although it seems intuitive that the brain expends more energy to represent a higher density of events per unit time, the available physiology literature does not appear to address these predictions directly; therefore, the later entries in the table await experimental testing.
OTHER EVIDENCE FOR LOW-LEVEL MECHANISMS IN DURATION PERCEPTION
The dependency of our framework on basic measures of energy expenditure suggests that the perception of time may be related to very low-level properties of neurons, rather than a highly cognitive algorithm. This view is consistent with several recent demonstrations. For example, Johnston et al. (2006) found that adaptation to a flickering stimulus led to duration distortions of subsequent stimuli; since the effect was spatially localized, this suggested a source of timing in early visual areas ( Johnston et al. 2006) . Similarly, the role of temporal frequency in duration distortions may also point to early levels of visual processing . Finally, reductions in stimulus visibility-which are related to the transient responses of neurons (Macknik & Livingstone 1998 )-led to compressed subjective durations (Terao et al. 2008) . All these findings suggest that low-level neural signatures of neurons will play an important role in duration perception.
NEURAL RESPONSES AND THE SPEED OF REACTION
The size of a neural response appears to map not only to subjective duration, but also inversely to motor reaction times. For example, the increase in perceived duration with increasing size (Xuan et al. 2007 ) and luminance (Sperandio et al. 2008) correlates with a decrease in reaction time (Plainis & Murray 2000; Ono & Kawahara 2007; Sperandio et al. 2008) . Similarly, moving, looming or flickering stimuli appear to last longer in duration than static or receding stimuli ( Roelofs & Zeeman 1951; Brown 1995; van Wassenhove et al. 2008) and also lead to faster reaction times (Mashhour 1964; Smeets & Brenner 1995; Brenner & Smeets 2003; Ló pez-Moliner 2005 ). An auditory stimulus lasts subjectively longer than a visual stimulus of equal duration (Wearden et al. 1998 ) and triggers a shorter reaction time ( Woodworth & Schlosberg 1954) . Familiar words evoke longer perceived durations (Witherspoon & Allan 1985) and shorter reaction times (Balota & Spieler 1999 ) than unfamiliar ones. Luminance-defined stimuli appear longer in duration Terao et al. (2008) firing rates increase monotonically with increasing object luminance lateral geniculate nucleus, Tikhomirov (1983) and Maunsell et al. (1999) ; primary visual cortex, Barlow et al. (1978) size bigger objects appear to last longer Ono & Kawahara (2007) and Xuan et al. (2007) bigger objects activate larger areas of retinotopic cortex Murray et al. (2006) numerosity objects with larger numerosity appear to last longer Xuan et al. (2007) larger numbers trigger higher firing rates in lateral intraparietal area of monkeys Roitman et al. (2007) motion moving objects appear to last longer than stationary objects Brown (1931) many areas in the human brain respond to visual motion when compared with stationary objects Dupont et al. (1994) novelty oddball stimuli appear to last longer Tse et al. (2004) and novel stimuli trigger increases in fMRI and EEG signals in many brain regions Linden et al. (1999) and Ranganath & Rainer (2003) temporal frequency of a flickering stimulus objects with faster flicker appear to last longer, up to 8 Hz striate cortex increases activation with increasing flicker rate of up to 8 Hz Kaufmann et al. (2000) looming looming stimuli appear to last longer in duration than stationary or receding stimuli Tse et al. (2004) and van Wassenhove et al. (2008) parietal areas show more activity in response to inward moving radial dots than outward moving ones de Jong et al. (1994) filled interval filled intervals seem longer than empty intervals Thomas & Brown (1974) and Ihle & Wilsoncroft (1983) pattern complexity more complex patterns of lights appear to last longer than simpler patterns Roelofs & Zeeman (1951) and Schiffman & Bobko (1974) note that these experiments were performed at more than 1 s time scale; to our knowledge they have not been tested at less than 1 s number of events the more events that happen in a window of time, the longer the window is retrospectively judged to have lasted Fraisse (1963) , Poynter (1989) and Brown (1995) note that these papers used more than 1 s time scales than equiluminant stimuli (Cicchini & Tomassini 2008) and also lead to faster reaction times (McKeefry et al. 2003) . With ageing, subjective durations decrease (Lustig 2003) as reaction times get longer (Jevas & Yan 2001; Luchies et al. 2002; Rose et al. 2002; Der & Deary 2006) . The idea that ties these observations together is that increased neural activity both allows the signal to move through the system more rapidly (faster reaction time) and translates into a longer subjective duration.
MAGNITUDE
Our hypothesis that perceived duration is influenced by the amount of neural activity may be related to magnitude considerations more generally. This is suggested by the fact that several illusions of duration have parallels in other forms of magnitude. For example, filled intervals are perceived as lasting longer than empty intervals ( Thomas & Brown 1974; Ihle & Wilsoncroft 1983) . A parallel to this illusion is found in the filled-extent or the Oppel-Kundt illusion: filled areas or volumes appear to be larger than empty ones (Bulatov et al. 1997) . The 'tau' and 'kappa' effects provide additional evidence that magnitude in space and time interact with each other (Sarrazin et al. 2004) : when three light flashes are presented serially to indicate two different intervals (of distance and duration), a longer temporal interval between two flashes leads to the interval being perceived as larger in distance (tau). Similarly, a larger spatial interval tends to be overestimated in duration (kappa).
Moreover, duration judgements are compressed during saccades (Eagleman 2005; Morrone et al. 2005) : when subjects were asked to judge an interval between two flashes near in time to a saccade (by comparison with two more targets well after the saccade), durations were underestimated by about a factor of 2. Interestingly, the range from which the compression is observed-both before and after a saccade-is roughly the same range in which spatial compression is found (Honda 1991; Ross et al. 1997) , suggesting for future research a possible common mechanism for time and space distortions.
THE FRAMEWORK IS INCOMPLETE
We have suggested that subjective duration reflects the size of neural response to a stimulus, but this hypothesis, if correct, will require a great deal of refinement. We cannot currently determine which neural activity will be critical: a particular window of time within a spike train; inhibitory versus excitatory firing; the involvement of particular cell types; and is post-synaptic firing more important than pre-synaptic release? Also, it is presently difficult to elaborate which brain regions will play critical roles. One manner in which this question can be answered is by focusing on repetition suppression (Grill-Spector et al. 2006) . While many parts of the brain show a diminishment of neural response with repetition, all of them need not Figure 4 . Adding a new dimension of novelty (in this case, colour) increases the overall perceived numerosity. Participants were tested on the proliferation paradigm using letters of the alphabet presented either in white ('achromatic') or in colours ('chromatic'). Within the chromatic condition, letters were either presented in the same colour or in different, but isoluminant, colours. We found that participants tend to report seeing more stimuli overall when a new stimulus attribute or a new degree of novelty is added to the stimulus (
Presumably, this is because the visual persistence of the stimuli is modulated by the degree of difference or similarity from the previously seen stimuli.
contribute equally to subjective duration. By varying the type of stimulus or the stimulus characteristic that is being repeated, and by concomitantly examining the effect of repetition on its perceived duration, we may be able to tease out the role of various brain areas in the proposed mapping of duration and neural activity.
9. SCHIZOPHRENIA Finally, our framework for duration has direct implications for understanding timing characteristics in schizophrenia. An impaired novelty response is a hallmark characteristic of schizophrenia, as evidenced by an impaired pre-pulse inhibition of the startle response (Hong et al. 2007) , impaired mismatch negativity ( Javitt et al. 1998; Light & Braff 2005) and poor oddball detection ( Kiehl & Liddle 2001) . Relatedly, schizophrenics show a lowered CFFT (Black et al. 1975) , and a lower sensitivity for detecting flicker (Slaghuis & Bishop 2001) . These findings are consistent with electrophysiological measures that show a reduced or absent repetition suppression in schizophrenics, presumably because of a deficit in cortical inhibition (Daskalakis et al. 2002) . Roughly speaking, to a schizophrenic brain everything appears novel, and repetition has little efficacy in reducing neural responses.
Given the evidence of impaired repetition suppression in schizophrenia, we hypothesized that schizophrenic patients should perceive a smaller contraction in visual persistence with repetition when compared with controls (figure 5). To test this, we used the proliferation effect (figure 2) and found that while schizophrenic patients perceive similar numerosities on the random condition to age-and IQ-matched healthy controls, their repeated numerosities were significantly higher (Gandhi et al. 2007 ). This trend was observed with stimuli including letters, words, non-words and pictures-and suggests that the proliferation effect could be potentially used as a screening tool for schizophrenia.
We are currently exploring implications of our framework for other disorders. For example, in autism, a more specific impairment to repetition suppression is seen. Autistic patients show a diminished repetition suppression response to familiar faces even as their response is preserved for inanimate objects (Dawson et al. 2005 ). This makes a testable prediction about the Because schizophrenic patients show less repetition suppression to many types of stimuli, we hypothesized that they should report seeing more stimuli in the 'repeat' condition than healthy controls. (b) While schizophrenic patients report similar numerosities in the 'random' condition compared with healthy controls, they tend to report seeing significantly more stimuli simultaneously present in the repeat condition ( perceived duration of repeated objects and faces in autism: while the subjective duration of repeated objects will contract, that of familiar faces will not.
CONCLUSIONS
We have presented evidence that supports a new understanding of short time-scale subjective duration: the duration assigned to a stimulus reflects the magnitude of the neural response to the stimulus Eagleman 2008) . We suggest the speculative possibility that subjective duration might be considered a qualia, a property that is assigned to stimuli in the same way that colour is bound to objects, or motion can be 'painted on' to stimuli by the visual system (Crick & Koch 2003) .
In other words, duration may be an attribute that is painted on to interpretations of events in the world. The framework presented here might appear closely related to an attentional hypothesis, i.e. the suggestion that attended objects will appear to last longer (Rose & Summers 1995; Tse et al. 2004) . But note that while the two hypotheses are similar, they are not identical. For example, the attentional hypothesis should predict that increasing the emotional salience of the oddball stimulus (e.g. a tarantula instead of a shoe) should result in increased duration dilation. However, no such increase occurs , suggesting that the unpredictability of the oddball (and hence the release from suppression) is the key ingredient. Moreover, we favour a neural amplitude formulation because it is directly falsifiable with measures of neural activity, while the concept of attention has traditionally proven more difficult to pin down.
We are currently working on ways to highlight and test this distinction further. For example, a point of divergence between the attentional and neural amplitude hypotheses may be discoverable by manipulating mental load. Repetition suppression is not modulated by changes in processing load ( Xu et al. 2007) . Therefore, if the perceived duration of a repeated stimulus is a function of attentional resources, it will be influenced by manipulations of processing load; if it is a function of neural amplitude, processing load will not have an influence. Experiments such as these should allow us to judge the relative merits of the attentional and neural amplitude frameworks.
Moreover, while it has been previously proposed that increases in attention are responsible for increases in duration (Rose & Summers 1995; Tse et al. 2004) , we would like to suggest two variations on this hypothesis. First, our formulation suggests that a larger neural response (presumably reflecting less efficient encoding) is the basis for both the increased attention and the larger duration. Second, and more speculatively, it could be that increases in perceived duration drive attention, essentially allowing more perceptual opportunity for the system to 'grab onto' a stimulus. In other words, because the common correlation between duration and attention does not give a causal arrow, it is logically possible that they are driven by a common driver, or that the arrow points in the unexpected direction from duration to attention rather than the other way around.
We have recently become aware that Marchetti (2008) has proposed an idea similar to ours, writing that the sensation of time comes from perceiving how much 'effort' is made 'by the organ of attention'. What he calls effort by the organ of attention is what we call energy expenditure in neural networks. (Although they are similar concepts, ours may be slightly more amenable to measurement.) Marchetti further notes that 'the capacity to directly perceive the effort made by our organs, in general, is an innate one: it is precisely this capacity that gives us the possibility of feeling the fatigue of our various organs, and of having sensations of exhaustion, weariness, tiredness, freshness, etc'. Marchetti (2008) goes on to suggest that only effort devoted to the temporal aspects of a scene will influence duration; we currently remain agnostic about which aspects of neural activity will be implicated, but we will use his suggestion as one possible framework for guiding experiments and measurements. (Finally, we note that although Marchetti calls his hypothesis a revision of one from Ernst Mach, it should be noted that Mach's original proposal addressed temporal order, not duration. Specifically, he proposed that earlier and later could be tagged by the state of the monotonically increasing fatigue of the 'organ of attention', Mach 1890).
We have restricted our discussion to events in the time scale of tens to hundreds of milliseconds as currently there is not enough evidence to indicate that similar mechanisms come into play in duration judgements at longer time scales. But certain principles that we observe at brief time scales appear to hold at longer ones. For example, there are many anecdotal reports of the return leg of a journey being shorter in duration than the onward leg, possibly because of the novelty of scenery wearing off as one travels back along the same route.
If our hypothesis relating neural energy expenditure to subjective duration proves to be on the correct track, it will almost certainly be refined beyond recognition in the future: as noted above, it may turn out that only certain cell types are involved, and/or only a specific part of the spike train that is important; it may even be that intracellular dynamics are the key players, not the spikes. Whatever be the refinements in the future, we hope this hypothesis may provide a good starting point for a new framework and new experiments that can put it to the test.
